In Brief
Mü ller et al. demonstrate that pet dogs can discriminate emotional expressions in human faces. With an innovative paradigm, they can rule out that discrimination was based on simple cues, such as the visibility of teeth. Their study provides the first solid evidence for the ability of a non-human animal to discriminate emotions of another species. Mü 
Summary
The question of whether animals have emotions and respond to the emotional expressions of others has become a focus of research in the last decade [1] [2] [3] [4] [5] [6] [7] [8] [9] . However, to date, no study has convincingly shown that animals discriminate between emotional expressions of heterospecifics, excluding the possibility that they respond to simple cues. Here, we show that dogs use the emotion of a heterospecific as a discriminative cue. After learning to discriminate between happy and angry human faces in 15 picture pairs, whereby for one group only the upper halves of the faces were shown and for the other group only the lower halves of the faces were shown, dogs were tested with four types of probe trials: (1) the same half of the faces as in the training but of novel faces, (2) the other half of the faces used in training, (3) the other half of novel faces, and (4) the left half of the faces used in training. We found that dogs for which the happy faces were rewarded learned the discrimination more quickly than dogs for which the angry faces were rewarded. This would be predicted if the dogs recognized an angry face as an aversive stimulus. Furthermore, the dogs performed significantly above chance level in all four probe conditions and thus transferred the training contingency to novel stimuli that shared with the training set only the emotional expression as a distinguishing feature. We conclude that the dogs used their memories of real emotional human faces to accomplish the discrimination task.
Results and Discussion
Emotions in animals have developed into a hot topic in biological research, not only because they are of major relevance for our understanding of animal behavior but also because they are relevant for animal welfare and thus also for policy makers. It is now widely accepted that mammals, other vertebrates, and even some invertebrates have emotions very similar to some of our own and that they have adaptive value as they allow these animals to respond to various situations quickly and appropriately, which facilitates survival [1] [2] [3] [4] [5] [6] . As emotional states are commonly expressed outwardly with behavioral and somatic responses [5] , it is likely adaptive for animals to discriminate emotional expressions in others because this allows them to anticipate the behavioral response of the observed individual and to adjust their own behavior accordingly. This is the case not only for interactions with conspecifics but also for interactions with relevant individuals of different species, for example in mutualistic mixed-species associations or in predator-prey interactions (e.g., a predator discriminating fear and anger in a potential prey animal). Compared to emotion recognition in conspecifics (cf. [7, [10] [11] [12] ), discriminating emotional expressions in heterospecifics is particularly challenging as emotions are not necessarily expressed in similar ways across species (indeed, although emotional expressions are generally very similar across cultures in humans, they are not expressed universally in the same way even within the species [13] ). Therefore, the ability to recognize emotional expressions in individuals of a different species is likely dependent on experience. Similar experience effects have previously been shown, for example, for the ability to discriminate individual faces of another species [14] [15] [16] .
The most promising species pair for investigating emotion recognition between heterospecifics is domestic dogs and their human owners. On the one hand, emotional expressions are best understood in humans, and on the other hand, a wealth of data shows that dogs excel at reading human behavioral cues [17] [18] [19] . In addition, previous work in our laboratory and other laboratories has shown that dogs pay attention to subtle cues in human faces: they can discriminate 2D representations of familiar and unfamiliar human faces and can do so even if only parts of the faces are shown [20] [21] [22] . However, previous studies that aimed to test whether dogs discriminate between human emotional expressions did not give conclusive results. Racca and colleagues [23] found evidence of a differential gaze bias in dogs when shown dog faces with a threatening or friendly expression, but not when shown human faces with an angry or happy expression. Custance and Mayer [9] suggested that dogs show responses reminiscent of empathic-like behavior when encountering a crying human, but not when encountering a talking or humming human. However, live presentations like those used by Custance and Mayer lack the level of control necessary to determine whether the dogs really responded to the emotional expression or whether they responded to some other cue. The latter possibility is also true for a study by Nagasawa and colleagues [8] in which dogs learned to discriminate between happy (smiling) faces and neutral faces of their owner and subsequently transferred the contingency to novel faces of unfamiliar people. The subjects in this study may simply have used a salient discriminatory cue, such as the visibility of teeth in the happy faces, but not in the neutral faces, to solve both the training and the transfer task.
To avoid the weaknesses of the earlier studies, we conducted a meticulously controlled experiment that the subjects could only solve by discriminating the emotional expression in the presented human faces. After pre-training with picture pairs of a face with a neutral expression and the back of the head of the same person (as in [8] ), a group of pet dogs (cf .  Table S1 ) learned to discriminate between faces of the same person with a happy or angry emotional expression presented on a touch screen monitor (Figure 1 ; see also Movie S1). Importantly, in this training phase, the subjects were shown only the upper halves or only the lower halves of the pictures (see Figure 2, upper part) and were rewarded either for touching the happy stimulus or for touching the angry stimulus. With this approach, we could subsequently test the subjects' ability to spontaneously categorize novel pictures that shared with the training stimuli only the emotional expression as the distinguishing feature. We used four types of probe trials (see Figure 2, lower part): the same half as during training but of novel faces, the other half of the faces used in training, the other half of novel faces, or the left half of the faces used in training. To exclude learning across probe trials, we used ten different The dog owner sat on a chair at the opposite end of the room, facing the experimenter (not shown). When looking at the stimuli, the dog's nose was within, at most, 30 cm of the screen but could be considerably closer.
Figure 2. Example Stimuli
Example stimulus pairs of the pre-training set and the two training sets (top row) and example stimulus pairs of the probe trials for a subject trained with the lower halves of the faces (bottom row). All pictures were of adult Caucasian women. The pre-training stimuli were photographs of ten laboratory members (the shown picture pair is reproduced with permission of the person depicted); the 25 picture pairs for the test stimuli were obtained from validated online databases [24] [25] [26] . For further details, see Supplemental Experimental Procedures. face pairs, resulting in ten unique trials for each probe condition. If the dogs learned to discriminate the training stimuli based on the presence or absence of simple cues, such as teeth or frown lines, we expected that they would be able to transfer the training contingency to the conditions novel face/same half and training face/left half, which shared at least some of these cues with the stimuli in the training set (like in [8] ), but not to the conditions training face/ other half and novel face/other half, which did not share at least some of these cues with the training stimuli. If, in contrast, the dogs learned to discriminate the training stimuli based on their emotional expression, which is provided globally on the whole face and not just by local cues, we expected that the dogs would be able to transfer the training contingency to all four probe conditions, as they all share the two emotional expressions with the stimuli in the training set.
In the training phase, the subjects that were rewarded for touching the angry stimulus reached the learning criterion at a slower rate than the subjects rewarded for touching the happy stimulus ( Figure 3A ; proportional hazards model: N = 18, z = 2.48, p = 0.01). This effect would be predicted if the dogs recognized the emotional expression presented and, at least initially, responded to an angry face as they would respond to an aversive stimulus; in that case, the dogs had to overcome their natural tendency to move away from aversive (or threatening) stimuli in order to reach the learning criterion (and failure to overcome this tendency may for some of the subjects in the angry-rewarded group explain the failure to reach the learning criterion). As previous results suggested that dogs [22, 27] , like primates [28] but unlike pigeons [29] , attend particularly to the eye region of human faces, one might also have expected that learning would be faster for subjects presented with the upper rather than with the lower halves of the faces during training. However, we found no evidence to support this ( Figure 3B ; proportional hazards model: N = 18, z = 1.57, p = 0.12), and, also, no interaction between the two predictors was apparent (z = 1.00, p = 0.31).
In the test phase, the 11 dogs that had reached the learning criterion maintained their level of accuracy in the standard trials (identical to the training trials) and also performed above chance level in all four probe conditions (Figure 4 ; generalized linear models: all p % 0.002, cf. Table S2 likelihood ratio test: c 2 (3) = 3.98, p = 0.26), indicating that the dogs did not rely purely on the presence or absence of simple local cues when learning the discrimination task. Instead, they must have used the emotional expression of the stimuli to solve this task, as this was the only distinguishing feature shared by the training stimuli and the stimuli of all four probe conditions. Our interpretation that the subjects transferred the contingency they had learned during training to the four types of probe trials is also supported by the significant correlation between performance in the standard trials and in the probe trials in the test phase ( Figure S1 and Supplemental Results).
To our knowledge, these results represent the first solid evidence that a non-human animal can discriminate between emotional expressions in a different species. We suggest that the successful subjects, while living in intimate relationships with their owners and also in regular contact with other humans, formed memories of human emotional expressions in a global manner (as has been suggested previously for face perception in dogs [20, 22, 27] and in non-human primates [30] [31] [32] ) and/or associations between different parts of the face with the same expression. With reference to such memories, the dogs in our study could have realized that a happy expression in the lower half of the face has the same meaning as a happy expression in the upper half of the face and generalized this association to similar but novel faces that express the same emotions in the same way. Although the performance in the probe trials does not necessarily mean that the dogs recognized the emotional content of the presented stimuli, it remains possible that, with extensive experience, the subjects formed richer memories of human expressions that go beyond the purely perceptual level and include information about their meaning (e.g., about the behavior of the human that will typically follow or the emotional state the perceiver will experience thereafter). Our finding that the dogs learned the association more slowly if required to touch the angry stimulus is consistent with the suggestion that the dogs, at least initially, considered the stimuli with an angry expression as aversive and therefore associated a particular meaning with these stimuli.
Our results raise the question of whether the excellent performance of some subjects in our study is largely due to their extensive experience with human emotional expressions, whether it is an ability favored by selection pressures during domestication and artificial selection thereafter, or, indeed, whether the capacity to read emotional expressions in other species is an ability that occurs commonly in mammals. The role of experience can be explored, for example, by using human faces of the gender opposite to the owner's and of different ethnic groups as stimuli in the task introduced here, by presenting the task to dogs with limited exposure to humans (e.g., young pet dogs, laboratory dogs, or feral dogs), and also by presenting the task to subjects of other species with different exposure to humans. The potential influence of artificial selection on the ability described here can be assessed, for example, by presenting our task to wolves with extensive exposure to humans (e.g., hand-raised ones) and to other domesticated and non-domesticated species and also by exploring breed differences. One may, for example, predict that dog breeds that were selected for a purpose that involves close interaction with humans, such as the Border Collies represented prominently in our sample, perform better in the task presented here than dog breeds that were selected for human-independent work [33] (see also [34, 35] ). In addition, the study of emotion contagion within and across species (e.g., [9, [36] [37] [38] [39] ) is a promising way to determine whether animals not only discriminate between emotional expressions in others but also perceive the emotional content of these expressions. 
